• Inhibiting the soluble epoxide hydrolase effectively blocks diabetic neuropathic pain.
Introduction
Diabetes is a growing worldwide epidemic and results in many comorbidities including hypertension, nephropathy, retinopathy and neuropathy [1] . Diabetic neuropathy has a profound negative impact on patients and available therapies have severe side effects and are often counter indicated for other comorbid conditions [2] . There is a great need for new therapeutics as well as relevant models to test them that have a potential for translation to man. The Akita mouse model was discovered in the late 1990s and has been developed as a non-obese, maturity-onset of diabetes of the young (MODY) mouse model for Type I diabetes (Yoshioka 1997) . It has important advantages compared to other models of diabetes used to study neuropathy, among other disorders. First, it is an autosomal dominant murine Ins2 C96Y mutation with a progressive disease into adulthood which has a syntenic chromosomal conversion to human, and thus, is similar to the development of disease in humans. This obviates much of the argumentation around using streptozocin to chemically induce diabetes since streptozocin has been at times suggested to be neurotoxic [3] . Second, it is a non-obese model, and therefore is not subject to the complications of impaired motor function for behavioral tasks as observed with ob/ob or db/db mouse models. Third, it allows for an investigation of a dimorphic phenotype. The heterozygous Akita mice, particu-larly the males, progress to pernicious hyperglycemia and resulting secondary pathologies of diabetes providing a unique opportunity to study the physiopathologies of the disease and therapeutic interventions to alleviate them. Homozygous Ins2 Akita males are subject to high mortality at a young age [4] while the homozygous wildtype littermates are used as asymptomatic controls. Here we employ this mouse model to study the effects of enzyme inhibition on the developed diabetic neuropathy and probe differences in the sexually dimorphic expression of the phenotype to answer basic questions about the pathology in these animals.
The experiments here use the naturally occurring Akita mouse model to test the hypothesis that inhibiting the soluble epoxide hydrolase enzyme (sEH) mediates analgesia against the chronic pain of diabetic neuropathy. The sEH is a master regulatory enzyme in the arachidonic acid (ARA) cascade downstream of the cytochrome P450 enzymes that act on long chain polyunsaturated fatty acids (PUFA) as substrates. The sEH transforms epoxy-fatty acids (EpFA) into the vicinal diols of several classes of lipids including both omega-3 and 6 derived metabolites. The EpFA are stabilized in vivo by the inhibition of the sEH and have demonstrated anti-inflammatory, antihypertensive, and analgesic properties [5] [6] [7] . The EpFA have also demonstrated efficacy against chemically induced diabetic neuropathy [8] . Here we use the Akita mouse model to inquire if sEH inhibition is analgesic in this naturally progressing disease, and importantly, if there are sexual dimorphisms in the pain responses. We used the conditioned place preference assay to investigate if sEHI block neuropathic pain. We then tested both male and female Akita mice for sEH enzyme activity and examined the oxylipin profile in the same groups.
Materials and methods

Animals
All procedures and animal care adhered the National Institutes of Health guide for the care and use of Laboratory animals (NIH Publications 8th Edition 2011) and were performed in accordance with the protocols approved by the Animal Use and Care Committee (IACUC) of the University of California, Davis. Great care was taken to minimize suffering of the animals and to reduce the number of animals used. Experiments on heterozygous Akita and wildtype littermate controls used mice bred from wild type C57BL/6J females crossed with heterozygous Akita males purchased from Jackson Laboratories (Sacramento, CA) and maintained at the facilities of the University of California, Davis. The Akita mice were housed under standard conditions (25 • C) in a fixed 12-h light/dark cycle with ad libitum food and water. Male and female Akita offspring and their wildtype littermate controls were used in the studies. For all the behavioral tests, the Akita mice were cohoused with their littermate controls for the duration of the experiments without identification of their disease state. They were randomly assigned to treatment or vehicle groups and tested intermingled for the studies. Only at sacrifice were the individual mice identified as Akita or littermate control and added to the appropriate groups. After completion of the nociceptive assays the mice were assessed for hyperglycemia (blood glucose measured in mg/dl) with a commercial blood glucose meter (Bayer, Contour). Previously when this colony was assessed by genotyping with DNA purified from tail snips taken after sacrifice [9] the results corresponded overwhelmingly with the phenotypic characterization and therefore the phenotypic identification was used for the current study.
For brevity we refer to the Akita (Ins2 Akita or Ins2 C96Y ) heterozygous diabetic mice as the Akita mice and the homozygous wildtype asymptomatic mice as the littermate controls for both sexes. Akita male mice develop robust hyperglycemia starting at 5 weeks of age and subsequent neuropathy while the Akita females develop hyperglycemia later and less robustly. At 8 and 12 weeks the mice were assessed with a small battery of functional tests and for a decrease in hind paw mechanical withdrawal thresholds (MWTs) indicating allodynia.
Chemicals
For these experiments the sEH inhibitor t-TUCB: trans-4-[4-(3-trifluoromethoxyphenyl-l-ureido)-cyclohexyloxy]-benzoic acid (also referred to as UC1728) was synthesized in house and characterized previously [10, 11] . Doses of t-TUCB were formulated immediately before use in PEG400 for the experiments and injected subcutaneously in a 50 l volume.
Nociceptive and motor skill bioassays
The conditioned place preference (CPP) assay used a previously described apparatus [12] . Briefly, the CPP apparatus is a 30 × 16 × 20 cm acrylic box with equal sides of distinct stimuli using wall patterns (visual) and floors (tactile). Mice are habituated to the box on 2 consecutive days. After this, a pre-conditioning measurement is assessed in the apparatus with free access to both chambers (30 min). This is followed by 3 days of conditioning where the mice receive vehicle and are immediately isolated to one chamber in the morning. At least four hours after the vehicle, the same mouse is given an sEH inhibitor and immediately isolated to the counterbalanced chamber. On the next day, mice are tested without injection for preference in the apparatus with free access to both chambers for 30 min. Measurements are reported as the test time minus preconditioning time, expressed in seconds, in the drug paired chamber. Increased time spent in the drug-paired chamber (non-preferred chamber) indicates preference for that chamber. The vehicle control group receives PEG400 in the non-preferred chamber at least 4 h after sham saline injection in the preferred chamber. In preliminary tests to refine the experimental conditions PEG400 vehicle or saline injections showed no differences compared to naïve mice.
For observation of spontaneous locomotion, mice were assessed in an open-field arena (40 × 40 × 30 cm) of a 16-square grid clean floor as previously described [12] . The open field assay was tested for 2 min and then mice were returned to their home cage. The open field assay was scored manually with the score a combination of vertical rears and lines crossed completely with both hind paws. Scores are reported as the average per group ± S.E.M.
All groups of mice were also tested in the von Frey assay. For this an electronic von Frey aesthesiometer (IITC, Woodland Hills, CA) was used to quantify allodynia in the mice. Mice were acclimated to the apparatus made of clear acrylic chambers on a steel mesh floor. The mouse hind paw was probed through the mesh with a rigid tip probe to measure the grams of force required to elicit a hind paw withdrawal. The mechanical withdrawal thresholds (MWTs) were measured 3 times per mouse at 1 min intervals for each point. The report is an average and S.E.M. for each group of mice tested under similar conditions. The mean MWT for the Akita 12WK male mice averaged 6.0 ± 03 g of force to elicit a hind paw withdrawal which was significantly lower than the littermate controls indicating allodynia (identification or groups was determined at the end of study and testing was blinded). MWTs for female Akita 12WK mice were 6.5 ± 0.3 g and were not significantly different from female or male controls at the same time period.
The same gram scale meter was used to with a T-bar attachment to assess the grip strength of the mice. For this test mice are allowed to grasp the T-bar with their front paws and then are pulled away from the bar which records their grip strength in grams. As with previous tests the grip strength was measured 3 times per mouse at 1 min intervals for each point. The report is the average and S.E.M. for each group of mice tested under similar conditions.
A hot plate (IITC, Woodland Hills, CA) set at 55 • C was used to determine the thermal sensitivity of the mice. For the assay the mice were placed on the pre-heated hotplate and observed for the time until they displayed a hind paw lick or jump and then were immediately removed. The hotplate response was measured 3 times per mouse with at least a one-minute interval between each score. The report is the average latency in seconds and S.E.M.
for each group of mice tested under similar conditions.
sEH activity assay
Tissues samples were taken at necropsy and were flash frozen at after sampling and stored at −80 • C until further processing. Prior to the assay, tissues were weighed and homogenized in ice cold PBS buffer with 0.1% EDTA and protease inhibitor (PMSF 1 mM and DTT 1 mM). These homogenates were then aliquoted and flash frozen for sEH activity assays and oxylipin analysis. The sEH activity for these homogenates was then determined by previously reported methods using 3 H trans-diphenyl-propene oxide (t-DPPO) as substrate [13] .
Oxylipin analysis
Plasma samples for eicosanoid analysis were obtained from cardiac puncture of deeply anesthetized mice that after exsanguination were necropsied for tissues. Plasma was separated, flash frozen and stored at −80C until analysis. Tissues were flash frozen at necropsy and stored at −80C until further processing. Tissues were weighed and homogenized in ice cold PBS buffer with 0.1% EDTA and protease inhibitor. These homogenates were then aliquoted and flash frozen for sEH activity assays and oxylipin analysis. The oxylipin analysis followed the method of Yang et al. [14] . Briefly internal standards were added to the homogenates, the samples extracted with a solid phase extraction column (Oasis-HLB, Waters), the samples were evaporated until dry and reconstituted with a second internal standard in 50 l methanol. The solution was then analyzed by LC-MS/MS per published methods.
Statistics
Data were analyzed using SigmaPlot 11.0 for windows (Systat Software Inc., San Jose, CA). The applied statistical methods are reported in the results section with p values ≤ 0.05 considered significant.
Results
Inhibiting sEH induces a CPP response in Akita mice with developed neuropathy
For all the behavioral tests the Akita mice were cohoused with their littermate controls for the duration of the experiments and randomly assigned to treatment or vehicle groups and tested intermingled for the studies. Only at sacrifice were the individual mice identified as Akita or littermate control and added to the appropriate groups. The Akita mouse model was used for these experiments because the Akita diabetic mice are lean, motor competent mice that can be assessed in these assays as a good functional comparison to controls. Male mice were tested at 8 weeks (8WK) old. At this time the mice have been hyperglycemic for several weeks. As expected, a 10 mg/kg dose of t-TUCB administered each day of the 3-day conditioning had no CPP effect in control mice compared to the combined vehicle group (combined: control and Akita vehicle treated mice). This dose also lacked statistical significance in the (Table 1) .
When Akita male mice were tested at 12 weeks (12WK) with the same 10 mg/kg dose, t-TUCB elicited a significant CPP response indicating pain relief ( Fig. 2A, (Table 1 , includes statistics). When the responses were compared, the Akita 12WK mice demonstrated a significant response compared to the combined vehicle controls (combined: 8WK and 12WK Akita vehicle treated mice) and the Akita 8WK male mice did not reach significance. (Fig. 2B , p = 0.019, Kruskal-Wallis One Way ANOVA on Ranks, n = 7-11).
The mechanical withdrawal thresholds (MWTs) of 8WK Akita males revealed a significant decrease compared to the littermate controls indicating allodynia (Table 1 , includes statistics). They also were robustly hyperglycemic at 8WK correlating with the decline in MWTs. The 8WK Akita males additionally scored lower in grip strength compared to matched controls as anticipated, but, they had no change in the hot plate response. There is precedent for the diabetic neuropathic mice to become insensate to thermal stimuli while becoming mechanically more sensitive [15] . The open field showed no significant difference in activity at 8 weeks. The 12WK Akita males displayed a significant decline in MWT compared to littermate controls as well as grip strength and open field activity. The 12WK Akita females, although hyperglycemic, displayed no different functional behaviors than the control males. In sum the hyperglycemic females showed no statistical change compared to the littermate controls in any of the assays. The females are less hyperglycemic than the males at the same age which may affect their behaviors in the nociceptive and functional assays. • of freedom p = 0.024, hot plate t = 1.019, 36
• of freedom p = 0.315, body weight (grams) t = −5.351, 36
• of freedom p ≤ 0.001. 12 Week males, control versus Akita by T-tests: von Frey, Mann-Whitney Rank Sum Test, T = 117.000 n(small) = 12 n(big) = 13, p = 0.036, open field, t-Test, t = −2.094, 23
• of freedom p = 0.048, grip strength t = −2.082, 23
• of freedom p = 0.049, hot plate, t = −0.721, 23
• of freedom, p = 0.478, body weight, Mann-Whitney Rank Sum Test, T = 108.500 n(small) = 12 n(big) = 13, p = 0.010.
12 Week females, control versus Akita by T-tests: von 
The dimorphic phenotype of the Akita model is reflected in the CPP results
Akita and littermate control females were also tested at 12 weeks for their response to sEH inhibition in the CPP assay. Only 12WK females were tested given the females do not develop as severe a hyperglycemia as the males particularly at earlier stages. The Akita females were hyperglycemic at 12 weeks but not to the severity of the Akita males including the 8WK male scores (Table 1) . Despite their hyperglycemia, when the identification and grouping of the mice was completed the Akita females demonstrated similar scores in the von Frey assay, open field and grip strength assays compared to their littermate controls (Table 1) .
When the Akita females were tested in the CPP assay compared to the treated female littermate controls or vehicle there was no significant response to the 10 mg/kg dose of t-TUCB (Fig. 3 , p = 0.608, One Way ANOVA, n = 3-6).
sEH enzyme activity reflects the sexual dimorphism of diabetes in Akita mice
After behavioral testing was complete a sample of all the groups of 12WK mice (male and female) were assessed for sEH activity (Fig. 4) . sEH activity is higher in liver (p = 0.001), brain (p = 0.009) but also most notably in the heart of Akita males versus females Akita mice (p ≤ 0.001, One Way ANOVA per tissue, Holm-Sidak post hoc, n = 4). (B) However, activity was not increased in the pancreas Fig. 3 . sEH inhibition does not induce a CPP in Akita female mice. Female 12WK hyperglycemic mice were administered the same 10 mg/kg dose of t-TCUB but it did not elicit a response in the CPP assay. There was also no response in the female littermate controls (p = 0.608).
when Akita males and females were compared (p = 0.488, One Way ANOVA per tissue, Holm-Sidak post hoc, n = 4).
Oxylipin ratios are increased in a sexually dimorphic manner
The 12WK mice were then investigated for quantification of selected oxidized lipid metabolites to correlate with enzyme activity. This analysis revealed, perhaps not surprisingly, that ratios in epoxy to dihydroxyl metabolites increased in correlation with lower sEH activity in the same tissues. This is true for ratios of both omega-6 and omega-3 derived EpFA. In the Akita 12WK mice, the omega-6 derived EET/DHET ratios in liver were robustly higher in female liver compared to males (Fig. 5A , p ≤ 0.001, Kruskal-Wallis One Way ANOVA on Ranks, n = 4). However, in the brain, although there was a trend of increases in the females, there was no statistical difference between the females and males (Fig. 5B , p = 0.073, Kruskal-Wallis One Way ANOVA on Ranks, n = 4). The omega-3 derived EDPs demonstrated similar effects to the omega-6 class in liver with the metabolite ratios in females being higher than the males (Fig. 5C , p ≤ 0.001 Kruskal-Wallis One Way ANOVA on Ranks, n = 4). The omega-3 metabolite ratios followed the same scheme as omega-6 in the brain showing no statistical change between females and males (Fig. 5D , p = 0.213, Kruskal-Wallis One Way ANOVA on Ranks, n = 4). A more detailed description of the individual regioisomer epoxide and diol concentrations including plasma analysis appears in the supplementary information (Supplementary Tables 1-4 ).
Discussion
The sEH inhibitors (sEHI) are analgesic in several models of pain including inflammatory lipopolysaccharide and carrageenan induced pain which were some of the first models tested with sEHI [16] [17] [18] . Later the investigation broadened into testing neuropathic pain such as streptozocin induced diabetic neuropathy [7, 19] . However, there is debate whether this chemically induced model compares to the human disease [3] . Thus, we report here the naturally progressing Akita MODY model which is more similar to the development of the human disease.
The behavioral assays include the CPP, an operant assay that can assess the tonic nature of neuropathic pain. The use of t-TUCB has previously demonstrated dose dependent action in reducing in pain in diabetic animals [12] . Here Male 8WK mice were compared with male 12WK mice because male Akita heterozygotes are known to exhibit robust hyperglycemia and neuropathy prior to this age [20] . Little electrophysiological data exists for the females although the Akita females here exhibit hyperglycemia well above 200 mg/dl at 12 weeks (Table 1 ). In our study the Akita females had slightly lower MWTs in the von Frey assay compared to littermate controls but did not display a statistically significant increase in allodynia (Table 1) . Overall the results from this naturally developing diabetes model demonstrate that sEH inhibition attenuates neuropathic pain. These data also underscore important prior findings of sEHI administration, that they are effective against pain and have no activity in the absence of pain.
sEH displays sexual dimorphic activity
The behavioral assays revealed that the Akita females do not have an induced CPP and thus a sexual dimorphism exists which correlates with the enzyme activity and oxylipin analysis. The Akita model is uniquely suited to investigate sexual dimorphism because the females differ in disease status being less susceptible to the diabetic phenotype.
The sexual dimorphic nature of sEH expression has been known since the initial description of the enzyme [21] . This difference is robustly evident in mice but occurs in multiple species [22, 23] . Most of the studies that have investigated sexual dimorphic expression of sEH found the expression or activity is higher in males versus females [21] [22] [23] [24] . Additional studies revealed that sEH expression can be regulated by both androgen (induction) and estrogen (suppression) to varying degrees [25, 26] . For example, the addition of testosterone to intact females and castrated males greatly increased sEH activity in kidney compared to shams and ovariectomized females had increased sEH activity compared to controls [25] . More recently, dimorphic sEH expression was demonstrated in spontaneously hypertensive rat (SHR) with a similar paradigm of male and female gonadectomized versus sham surgeries. This study identified endogenous female sex steroids as the more potent driver of change in sEH protein levels [26] .
Previously it has been observed that changes in mRNA of proteins did not necessarily reflect the changes in protein levels in the Akita mouse heart [27] , but also that sEH protein levels were increased in Akita versus control heart [9] . We therefore focused on assessing sEH activity in heart and additional tissues. Interestingly, the results of sEH activity in Akita mice are in keeping with literature results and suggest possible endocrine involvement. Akita 12WK males had elevated sEH activity compared to females, particularly in the heart. There is a clear correlation between the severity of the disease and sEH activity presenting more in males than less symptomatic females (Fig. 4) . The lower enzyme activity in Akita females compared to males also correlated to the oxylipin metabolite levels which demonstrated higher epoxide to diol ratios in females versus males in several tissues (Fig. 5, Supplementary  Tables) . Thus, there is the potential that the EpFA and lower sEH activity is protective because the hyperglycemic females are less symptomatic than males.
sEH activity correlates with disease severity
The Akita females though hyperglycemic were found to lack significant change in sEH activity compared to their littermate controls in any of the tissues investigated (Fig. S1) . Interestingly, the sEH activity in heart was elevated in Akita males compared to male controls as well as compared to both groups of females. Historical data in Swiss Webster mice demonstrated sEH expression increased with age after 5 weeks and more significantly in males [21] . This expression pattern of sEH increasing rapidly after puberty was recapitulated in rat as well. Dewey et al. examined sEH expression in male Akita mice over the course of disease progression. sEH protein levels showed no change at 3 and 4 weeks but increased 30% at 5 weeks and up to 140% by 12 weeks compared to controls [9] . Thus, increased sEH between sex (Akita male and female), but also age related increases within one sex (Akita males) may contribute to disease pathology.
In the CPP assay sEHI had a significant effect on diabetic neuropathy between littermate control, 8WK Akita, and 12WK Akita males (Fig. 2) further demonstrating the relationship between sEH activity and disease state extends beyond only a sexual dimorphism. There is also more sEH activity in the in heart of Akita versus control 12WK males (Fig. S3A) . It was previously reported that sEH activity was elevated in liver of streptozocin induced diabetic versus control rats [19] . Additionally, sEH measured by qPCR and western blot [9] is increased due to the disease status between age matched Akita and control males. Thus, there is evidence that the pathology of type I diabetes correlates with increased sEH activity independent of age or sex despite differences of induced or natural disease status.
Cellular stress mechanisms and sEH inhibition
The Akita model was previously used to elucidate mechanisms of endoplasmic reticulum stress (ER stress) because the spontaneous Ins2 C96Y mutation leads to a misfolded insulin protein [28] . These studies demonstrated the contribution of C/EBP homologous protein (CHOP) to beta islet cell death using a double transgenic CHOP/Akita mouse model. These mice displayed less beta cell apoptosis, longer onset to hyperglycemia and greater pancreatic insulin content. The Akita model was also previously investigated for influencing diabetes progression and sEH was found to be upregulated in a manner correlating to the developing disease [9] . Recently, the role of epoxy-fatty acids and sEH was examined in the context of ER stress and diabetic peripheral neuropathy [29] . In this study sEHI blocked neuropathic pain, synergized with ER stress inhibitors, and it was concluded that ER stress may contribute to the pathogenesis of neuropathy itself. The caution, however, is that in the double transgenic mouse study CHOP −/− /Akita mice were not improved and the effects of CHOP are nonspecific. Additionally, it has been observed that PERK and eILF␣ mutant mice do not activate CHOP but fail to resist ER stress [30] [31] [32] . Thus, there is a substantial role of ER stress in the pathology of diabetes but it may not be the sole mechanism [33] . There are other mechanisms initiating cellular apoptosis and therefore protecting cells from oxidative stress and inflammation [34] may contribute to improved outcomes.
There are also alternative mechanisms of action possible for sEH inhibition in the diabetic model. sEH inhibition or ablation has demonstrated an effect on blood glucose regulation by increasing insulin secretion [35] . This regulation was relative to amounts of beta cell apoptosis in wild type versus sEH KO mice with streptozocin induced diabetes [35] . It remains possible however, that reducing sEH activity attenuated ER stress and prevented the apoptosis of beta islet cells. Cardiac hypertrophy investigated in Akita mice has also indicated inflammation associated with this pathology in heart [36] . It is possible that the anti-inflammatory action of sEHI contributed here to the improvement in treated mice and contributed to a CPP response. However, cardiac inflammation would not account for the differences in allodynia between Akita and control mice (Table 1) . Alternatively, there is evidence of autonomic neuropathy in Akita mice [37] . It is possible the sEHI are neuro-supportive and therefore may act on diabetic autonomic neuropathy as well as peripheral neuropathy. The CPP assay is a powerful tool to assess the non-evoked, tonic pain of diabetic neuropathy. The assay, however, may not distinguish between improved autonomic versus peripheral symptoms of neuropathy. It is possible that improved cardiovascular functioning or cellular stress attenuation contributed to the positive association in the sEHI-paired compartment. Despite this, the CPP response is most likely analgesia given the design of the assay (negative reinforcement), changes in allodynia and previous results in induced diabetic neuropathy that corroborate this outcome [12, 19] . However, future studies are warranted to probe the effects of sEH inhibition in autonomic neuropathy. Additionally, it may be an added beneficial effect that sEHI can potentially reduce the aforementioned cardiac inflammation in addition to blocking neuropathic pain. In either case, these results support the evidence that sEHI block neuropathic pain, are inactive in the absence of pain, and show no responses that are associated with addiction. In summary, there is a strong correlation between the sEH activity assays, the higher epoxide to diol ratios in females, the sexual dimorphic disease states of the animal groups, and the response to sEHI in treating their diabetic neuropathy in the Akita model.
